The effects of guanosine 5' -monophosphate and 2' -deoxyguanosine 5' -monophosphate on the thermodynamics and kinetics ofpyrene-Iabeled 5' exon mimic (pyCUCU) binding to the catalytic RNA (ribozyme) from Tetrahymena thermophila have been determined by fluorescence titration and kinetics experiments at 15°C. pyCUCU binding to L-21 Sea I-truncated ribozyme is weaker by a factor of 5 in the presence of saturating guanosine 5' -monophosphate, whereas it is 4-fold stronger in the presence of saturating 2' -deoxyguanosine 5'-monophosphate. Results from kinetics experiments suggest that anticooperative effects in the presence of guanosine 5'-monophosphate arise primarily from slower formation of tertiary contacts between the catalytic core of the ribozyme and the PI duplex formed by pyCUCU and GGAGGG of the ribozyme. Conversely, cooperative effects in the presence of 2' -deoxyguanosine 5' -monophosphate arise primarily from slower disruption of tertiary contacts between the catalytic core of the ribozyme and the PI duplex. Additional experiments suggest that these cooperative and anticooperative effects are not a function of the pyrene label, are not caused by a salt effect, and are not specific to one renaturation procedure for the ribozyme.
ABSTRACT
The effects of guanosine 5' -monophosphate and 2' -deoxyguanosine 5' -monophosphate on the thermodynamics and kinetics ofpyrene-Iabeled 5' exon mimic (pyCUCU) binding to the catalytic RNA (ribozyme) from Tetrahymena thermophila have been determined by fluorescence titration and kinetics experiments at 15°C. pyCUCU binding to L-21 Sea I-truncated ribozyme is weaker by a factor of 5 in the presence of saturating guanosine 5' -monophosphate, whereas it is 4-fold stronger in the presence of saturating 2' -deoxyguanosine 5'-monophosphate. Results from kinetics experiments suggest that anticooperative effects in the presence of guanosine 5'-monophosphate arise primarily from slower formation of tertiary contacts between the catalytic core of the ribozyme and the PI duplex formed by pyCUCU and GGAGGG of the ribozyme. Conversely, cooperative effects in the presence of 2' -deoxyguanosine 5' -monophosphate arise primarily from slower disruption of tertiary contacts between the catalytic core of the ribozyme and the PI duplex. Additional experiments suggest that these cooperative and anticooperative effects are not a function of the pyrene label, are not caused by a salt effect, and are not specific to one renaturation procedure for the ribozyme.
Regulation of enzyme activity is often mediated by cooperative and an.ticooperative interactions among substrates. Coupling of substrate binding has been the subject of many theoretical investigations (1) (2) (3) (4) . Substrate interactions allow enzymes to respond to changes in their environment (5) (6) (7) (8) . Indeed, the activity of several enzymes is regulated by the binding of a single nucleotide cofactor (9) (10) (11) (12) . The L-21 Sea I-truncated catalytic RNA (ribozyme), designated "L-21 Sea I," derived from the self-splicing LSU intron of Tetrahymena thermophila has two substrate-binding sites: one for the nucleotide guanosine and its 5'-phosphate derivatives and one for 5'-splice-site mimics, including CUCU (13, 33) , opening the possibility for heterotropic substrate interactions. In addition, the G-binding site can also accommodate dG, a competitive inhibitor of G (14) .
Recent experiments on mutant~ of L-21 Sea I (15) and stopped-flow experiments with fluorescent pyrene derivatives of 5' exon mimics (16, 17) established that 5'-exon mimics bind to L-21 Sea I in two steps. The frrst step is base pairing to GGAGGG (the internal guide sequence) to form the PI pairing (18, 19) , and the second step is formation oftertiary contacts between PI and the catalytic core of the ribozyme (Fig. 1) . At least some of these tertiary contacts involve specific 2'-OH groups of the 5'-exon mimic at the underlined positions: CueU (20, 21) .
We report here that the nucleotide cofactor guanosine 5'-monophosphate (pG) causes pyrene-Iabeled CUCU (py-CUCU) binding to L-21 Sea I to be weaker by a factor of 5 (+0.9 kcal/mol at 15°C), whereas the inhibitor 2' -deoxyThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 soiely to indicate this fact. 8357 guanosine 5' -monophosphate (pdG) causes pyCUCU binding to be 4-fold stronger (-0.8 kcal/mol at 15°C) (Fig. 1) . Coupling between binding of pyCUCU and pG or pdG arises primarily from effects of the G substrate on the second step of pyCUCU binding-formation and disruption of tertiary contacts (Fig. 1) . These cooperative and anticooperative effects are of similar magnitude to those observed with proteins (22) , suggesting potential roles for cooperativity in regulation of splicing and in ordering the kinetic steps of splicing.
MATERIALS AND METHODS
All experiments are at 15°C and, except where noted, in 5.0 mM MgClz/135 mM NaCl/50 mM Hepes (25 mM Na+) at pH 7.4. Except where noted, L-21 Sea I was prepared and renatured as described (13, 21) . Pyrene-modified oligonucleotides were synthesized chemically (17). Cofactors pG (Fluka), pdG, adenosine 5'-monophosphate (PA), and 2'-deoxyadenosine 5' -monophosphate (pdA) (Sigma) were used at concentrations of 5 or 15 mM or both.
Fluorescence Binding Titrations. Titrations were performed on a Perkin-Elmer MPF-44A fluorimeter with excitation at 329 nm and emission at 397 nm. The concentration of pyCUCU was always at least slightly in excess over the concentration of L-21 Sea I. The total concentration of L-21 Sea I was held constant at 40 nM, 50 nM, and 1.0 ILM for titrations with no cofactor, 15 mM pdG, and 15 mM pG, respectively. To obtain the Kd for pyCUCU binding to L-21 Sea I, the fraction of maximal fluorescence increase (f) with [pyCUCU] is directly fit by nonlinear least-squares to the
Kinetics Experiments. The change in fluorescence with time fit single exponentials for all kinetics experiments reported. Manual mixing experiments were performed on a Perkin-Elmer MPF-44A fluorimeter with excitation at 329 nm and emission at 397 nm. Rapid-mixing, stopped-flow experiments were as described (16, 23 (18, 19) , and known tertiary hydrogen bonds involving 2'-OH groups of pyCUCU are indicated by bold dots (20, 21) . JotM pyCUCU in buffer with no cofactor or 15 mM pdG was added manually (the chase). Reversed pulse-chase experiments with 15 mM pG were conducted by incubating 30 Jotl of 500 nM L-21 Sea I and 5 JotM CUCU in buffer with 15 mM pG fQr at least 10 min at 15°C (the pulse). Then 30 J.tl of 50 JotM pyCUCU in buffer with 15 mM pG was added by stoppedflow (the chase). Since pyCUCU has a fluorescence increase of =20-fold upon binding to L-21 Sea I, these experiments had a good signal-to-noise ratio, thus providing k-2 for unlabeled CUCU.
Alternate Renaturation Experiments. In selected experiments, to test the effect of renaturation on binding, L-21 Sea I was renatured by heating the ribozyme to 50°C for 10 min in the buffer described above, incubating at 15°C for 10 min in buffer, and incubating at 15°C for at least another 10 min in buffer with the appropriate cofactor, if any. Pulse-chase experiments were then performed as described above.
RESULTS
Fluorescence Titrations. Binding of pyCUCU to L-21 Sea I in the presence or absence of a G-like substrate was assessed by fluorescence titrations. Titrations of pyCUCU binding to L-21 Sea I in the presence of either 15 mM pG or 15 mM pdG led to binding of pyCUCU that was respectively weaker (+0.8 kcal/mol) and stronger (-0.8 kcal/mol) by factors of 4 ( Fig. 2 and Tables 1 and 2 ). Equilibrium dialysis experiments at 15°C in the presence of saturating d(CTh indicate that the Kd for pG binding to L-21 Sea I is 1.5 mM (24) . A similar Kd is expected for pdG since pdG binds slightly more tightly than pG at 5°C (24) . Thus, the G-binding site is ,;,,90% saturated in these experiments.
Kinetics Experiments for pyCUCU and L-21 Sea I with pG and pdG. To assess whether the binding effects are due to the "on" rate for capture of substrate into the catalytic core [kon (= klk2/k-l forpyCUCU)] or the rate of un docking of the PI duplex from the catalytic core [koff (= k-2 for pyCUCU)], kinetics experiments were performed with pyCUCU (Fig. 3) . The slope ofaplot in Fig. 3 gives klk2/k-h the intercept gives k-2' and the ratio of the intercept to the slope gives Kd (16) . The ratios of intercept to slope for pyCUCU binding to L-21 Sea I indicate that pG and pdG weaken and strengthen binding by factors of 5 (+0.9 kcal/mol) and 4 (-0.8 kcal/ mol), respectively, in agreement with titration experiments in Fig. 2 ( Table 2 ). The rate constants indicate that pyCUCU binds more weakly in the presence of pG primarily because of an "on" rate (k1k2/k-1) that is slower by a factor of 3.5, whereas pyCUCU binds more strongly in the presence of pdG primarily because of a slower rate of dissociation by a factorof8 of tertiary contacts, k-2 (Table 1 ). In fact, pdG also leads to a 50% slower on rate for pyCUCU, preventing the full decrease in k-2 from appearing in Kd (Tables 1 and 2) .
Pulse--Chase Experiments for pyCUCU and L-21 Sea I with pG and pdG. The values of k-2 were independently determined by pulse-chase experiments (Fig. 4 and Table 1 ). For pyCUCU, the rate of fluorescence decrease with time, kOff' is equal to k-2 (16) . The values of k-2 determined by pulsechase experiments (Fig. 4 ) are in agreement with the intercepts in Fig. 3 (Fig. 3) . tThe rate of fluorescence decrease was not affected by 2-to 5-fold higher concentrations of chase oligomer, CUCU, indicating that the rate of pyCUCU dissociation from L-21 Sea I is rate-limiting. *See ref. 16. in the presence and absence ofpG are similar, while the rate when there is saturating pdG is slower by a factor of about 10. Reversed Pulse-Chase Experiments for pyCUCU and L-21 Sea I. To assess the effect of the pyrene fluorophore on the dynamics of binding, rates of dissociation of unlabeled CUCU substrates were determined by reversed pulse--chase experiments ( Table 1) . Values of k-2 for CUCU are similar to those obtained for pyCUCU ( Table 1 ), suggesting that the pyrene fluorophore does not significantly perturb tertiary binding interactions.
Pulse-Chase Experiments for pyCCUCU and L·21 Sea I with pG and pdG. Pulse--chase experiments on pyCCUCU binding to L-21 Sca I in the absence of a G-like substrate and in the presence of saturating pG or pdG were also conducted. In the case ofthe pentamer, koff = k-2k-d(k-l + k2) (16) . The rate of dissociation, kOff' for pyCCUCU with pG is 3.7-fold faster than koff for pyCCUCU with no G cofactor ( Table 1) . Experiments with pyCUCU indicate k-2 is insensitive to pG binding. Furthermore, the rate of breaking base pairs between pyCCUCU and L-21 Sca I (k-1) is a secondary structure event and unlikely to be affected by occupancy • of the G-binding site. Consequently, the following ratio is obtained: (k~(l. G + k'1 0 G)/(kI!..,[ + k~G) = 3.7. In the absence of pG, k2 and k-l are 2.5 and 0.5 S-;-1 (16) , respectively, suggesting a k2 for pyCCUCU in the presence of pG of 0.3 ± 0.2 S-I. This is roughly 10% the k2 of 2.5 S-1 measured in the absence ofpG. This slower rate of PI dockingforpyCCUCU suggests that the pG-induced slower kon (= klk2/k-l) for pyCUCU is due primarily to a slower rate of PI docking (k2).
Effect of Alternate Renaturation on Pulse-Chase Experi. ments. Different renaturation protocols for a circular form of the T. thermophila LSU intron lead to different rates for activity (25) . To gain insight into whether the properties of L-21 Sca I for substrate binding and cooperativity are sensitive to renaturation protocol, the values of k-2 for pyCUCU without the G substrate and with saturating pG and pdG were determined for a second renaturation, similar to the method of Herschiag and Cech (26) (see Materials and Methods) ( Table 1) . Pulse--chase experiments under these conditions gave essentially identical results to those obtained with our renaturation protocol (Table 1 ) (21). This suggests that the ribozyme is able to fold into a similar structure with both renaturation pathways.
Effect of Ionic Strength on pyCUCU Binding to L·21 Sea I. Adding 15 mM pG or pdG to the buffer raises the ionic strength of the buffer by 45 mM. To examine whether the observed changes in binding kinetics and thermodynamics are caused by the increase in ionic strength, two control experiments were performed. In the fIrst experiment, no cofactor was added, but the ionic strength of the buffer was increased 45 mM by raising the concentration of NaCI from 135 to 180 mM. Binding of pyCUCU to L-21 Sca I is essentially unchanged by this increase in NaCl (Tables 1 and  2 ). In the second experiment, the concentration of pdG cofactor added was lowered from 15 to 5 mM. This concentration of pdG should be able to saturate at least 80% of the L-21 Sca I (24), yet lowers the increase in ionic strength from 45 to 15 mM. Binding ofpyCUCU to L-21 Sca I is similar in both 5 and 15 mM pdG (Tables 1 and 2 ). Apparently the coupling of pyCUCU binding with pG or pdG is not a consequence of the increase in ionic strength associated with addition of G cofactors.
Effects of 15 mM pA and 15 mM pdA on pyCUCU Binding to L·21 Sea I. To'examine whether the effects ofpG and pdG on pyCUCU binding are specific to G monomers only, binding ofpyCUCU to L-21 Sca I was studied in 15 mM pA (Table 1) (Fig. 4) . (The y intercept is k-2. ) All other data points come from the results of kinetics experiments between pyCUCU and L-21 Sca I. The solid lines represent the best fits to the data by a linear least-squares method. Note that experiments with no cofactor and pG use a different concentration axis than experiments with pdG. and 15 mM pdA. The ~Gis for pyCUCU binding to L-21 Sea I in the presence of 15 mM pA is intermediate between the ~Gis for pyCUCU binding in the absence of any cofactor and in the presence of pG ( Table 2) . As with pG, the rate of pyCUCU association with L-21 Sea I, kon = klk2/k-1o is decreased by 15 mM pA, while k-2 is almost unchanged ( Table 1) .
The ~Gis for pyCUCU binding to L-21 Sea I in the presence of 15 mM pdA is the same as when no cofactor is present (Table 2 ). However, both kon and k-2 are decreased by =35% by 15 mM pdA (Table 1 ). These observations suggest that pA and pdA can promote some of the anticooperative and cooperative effects seen with pG and pdG. This • observation is consistent with that of Yarus et al. that ATP binds to the G-binding site of precursor rRNA for T. thermophila at 55°C and 10 mM Mg2+ with a Ki of =8 mM (27) . These observations suggest that at least a portion of the coupling interactions between pyCUCU and pG/pdG are due t6 the sugar.
DISCUSSION
The effects of pG and pdG on the binding of pyCUCU to the catalytic RNA from T. titermophila are reported in Tables 1 Proe. Natl. Aead. Sci. USA 90 (1993) and 2. The results indicate that pG has an anticooperative effect, weakening binding of pyCUCU to L-21 Sea I by 0.9 kcal/mol, while pdG has a cooperative effect, enhancing binding of pyCUCU to L-21 Sea I by -0.8 kcal/mol. This suggests that the packing of the catalytic core is sensitive to the 2'-OH group of the G cofactor.
Previous experiments aimed at examining interaction between the two binding sites provide no evidence for coupling of substrate binding to the L-21 Sea I ribozyme (26, 28) . Kinetic experiments with G2C3UCU or G2C3UCUAS provide evidence for random and independent binding of G with each of these substrates at 50°C and 10 mM Mg2+ (26) . Under conditions used in those experiments, kon = kl and koff = k-lk-2/k2 (15, 16, 26) . Results for G2C3UCUAs were interpreted as consistent with the absence of an effect of G on kon and koff (26) . However, error limits on koff were assessed to be a factor of 3 or -0.7 kcal/mol at 50°C (26) , similar to the magnitude of the effect observed here. Gel shift experiments at 25°C and 42°C and 10 mM Mg2+ in the absence and presence of 500 J.iM G suggested neither C3UCU nor CUCUCU binding is coupled to G binding (28) . While 25°C is close to the 15°C temperature of the experiments reported here, equilibrium dialysis experiments suggest that the Kd values measured by gel retardation at 25°C are not reliable (21) . Moreover, 500 J.iM G is not sufficient to saturate the binding site (24) . Thus, while previously reported experiments provide no evidence for coupling between binding of substrates, they do not contradict results reported here.
The possibility of cooperative interactions between the 5'-exon binding site and the G binding site was initially suggested by a comparison of equilibrium dialysis experiments in the presence of pdG and kinetics experiments in the absence of pdG (16, 21) . Equilibrium dialysis experiments between 32P-Iabeled CUCU and fully active L-21 Sea I in 5 mM Mg2+ in the presence of 5 mM pdG indicate that the ~Gis for the second step of CUCU binding to L-21 Sea I is -3.8 kcal/mol (21) . Stopped-flow experiments between pyCUCU and L-21 Sea I in 5 mM Mg2+ with no G cofactor indicate that the ~Gis for the second step ofpyCUCU binding to L-21 Sea I is only -2.4 kcal/mol (16) . This suggested that pdG enhances binding of CUCU by approximately -1.4 kcal/mol (16) . Experiments reported here confIrm that pdG is responsible for about half of this additional free energy.
Kinetics experiments indicate that the anticooperative and cooperative effects of pG and pdG appear primarily in the second step of pyCUCU binding to L-21 Sea I-Le., in formation and disruption of tertiary structure. Although the G-and pyCUCl!-binding sites are =235 nucleotides apart in the secondary structure (18, 19, 29, 30) , they must come within several angstroms of each other in the tertiary structure to facilitate reaction (31, 32) . Consequently, the observation that the interaction between the two sites occurs upon formation oftertiary structure between the PI duplex and the catalytic core is reasonable. In the presence of pG, weaker binding of pyCUCU to L-21 Sea I occurs primarily because of a slower k2,the rate of forming tertiary contacts between PI and the catalytic core (Fig. 'I) . This effect could have several origins. For example, binding of pG may induce a conformational change of the ribozyme' s catalytic core that sterically hinders PI access to the core, or the core may have greater preorganization favorable to PI docking in the absence of pG. In the presence of pdG, stronger binding of pyCUCU to L-21 Sea I occurs primarily because of a slower k-2• the rate of breaking tertiary contacts between PI and the catalytic core (Fig. 1) . This suggest~ that binding of pdG either permits an additional tertiary contact to be made in the termolecular pyCUCU-L-21 Sea I-pdG complex, or alternatively, that binding ofpdG prohibits an unfavorable contact from being made in the termolecular complex. The difference of 1.7 kcal/mol between binding in the presence of pG and Biochemistry: Bevilacqua et al. pdG shows that the ribozyme can discriminate between a 2'-OH and a 2'-H. Thus, small structural changes can lead to large changes in individual rates.
The results for binding of pyCUCU in the presence and absence of pG and pdG also have implications for the binding ofpG and pdG in the presence and absence ofpyCUCU. The results in Table 2 show that Kdl < Kd4 in the presence of saturating pG and Kdl > Kd4 in the presence of saturating pdG. From Scheme I, Kd = KdlKd2 = Kd3Kd4. Thus, in the presence of saturating pyCUCU, Kd3 < Kd2 for pG and Kd3 > Kd2 for pdG. That is, pG should bind more weakly in the presence than in the abserice of pyCUCU. The reverse should be true for pdG.
Fluorescent dyes provide a convenient means of visualizing local dynamics in a large system. However, one concern is that the dye may perturb various interactions. Reversed pulse-chase experiments indicate that the dissociation of unlabeled CUCU from L-21 Sea I is similar to dissociation of pyCUCU both in the absence of a G cofactor and in the presence of either pG or pdG (Table 1) . Other experiments also indicate that the pyrene is nonperturbing (16, 17) . Energy minimization and molecular dynamics calculations suggest that pyrene may be located in the major groove of the PI duplex (17). This would allow the 2'-OH groups in the minor groove of a PI helix formed with pyCUCU to make proper tertiary contacts with the catalytic core.
The comparisons between pyCUCU binding to L-21 Sea I with the G-binding site occupied by pG or pdG indicate that the two binding sites are able to communicate with one another. The interaction energies between pyCUCU and pG • or pdG of =1 kcal/mol are similar to those observed in cooperative protein enzymes (22) . The presence of cooperative effects represents a possible means for T. thermophila to regulate its splicing in response to local G and dG concentrations. Perhaps the cooperative substrate interactions in tire ribozyme reflect early steps towards the evolution of regulatory enzymes.
